Microarrays identified miRNAs differentially expressed and 4-hydroxytamoxifen (4-OHT) regulated in MCF-7 endocrine-sensitive versus resistant LY2 human breast cancer cells. 97 miRNAs were differentially expressed in MCF-7 versus LY2 cells. Opposite expression of miRs10a, 21, 22, 29a, 93, 125b, 181, 200a, 200b, 200c, 205, and 222 was confirmed. Bioinformatic analyses to impute the biological significance of these miRNAs identified 36 predicted gene targets from those regulated by 4-OHT in MCF-7 cells. Agreement in the direction of anticipated regulation was detected for 12 putative targets. These miRNAs with opposite expression between the two cell lines may be involved in endocrine resistance.
Introduction
The ability of selective estrogen receptor modulators (SERMs, e.g., tamoxifen and raloxifene) and aromatase inhibitors (AI) to prevent disease recurrence in patients whose initial breast tumors expressed estrogen receptor alpha (ERα) provides compelling data supporting the role of ERα in the pathogenesis of breast cancer [1] . Unfortunately, approximately 40% of patients relapse after tamoxifen (TAM) or other endocrine therapies [2] . The mechanisms for the acquired resistance to endocrine therapies is complex and, even in the presence of continued ERα expression, includes amplification of growth factor signaling pathways, e.g., epidermal growth factor receptor (EGFR), MAPK, PI3K/AKT, JNK, and p38 MAPK [2; 3; 4] , but the role of microRNAs in endocrine-resistance remains to be fully elucidated.
ribonucleoprotein RNA-induced silencing (RISC) complex, causing translational repression usually accompanied by mRNA decay [5; 6] . miRNAs regulate diverse cellular processes including differentiation, replication, migration, and apoptosis [7] . Microarray technology has been used to generate miRNA profiles and demonstrate aberrant miRNA expression in a variety of cancers including breast tumors and cell lines [8; 9; 10; 11; 12; 13] . These miRNA expression profiles correlate with classification of tumor grade and patient prognosis [8; 9; 14] . Altered miRNA expression in cancer may result from chromosomal rearrangements, deletions or epigenetic modifications in DNA or chromatin structure [14] . Bioinformatic analyses are used to identify putative mRNA targets of miRNAs, thus linking miRNAs to the regulation of complex protein networks involved in a variety of cellular functions [15] . miRNAs in breast cancer cells function as tumor suppressors, e.g., Let-7 family members, miR-125a and miR-125b, and miR-200; or as oncogenes, i.e., 'oncomirs', e.g., miR-21, miR-10b, miR-155, and the miR-17-92 cluster [13; 16] . miRNAs are processed from longer transcripts called precursor (pre)-miRNAs by Dicer within the cytoplasm. Pre-miRNAs are, in turn, the products of the processing, within the nucleus by DROSHA, of the initial miRNA gene transcripts called primary (pri)-miRNAs [17] . Recent studies have identified miRNAs regulated by estradiol (E 2 ) in breast cancer cells and other cells and tissues (reviewed in [18] ). For example, we and others reported that miR-21 and the Let-7 family of miRNAs are downregulated by E 2 in breast cancer cells [11; 12; 18; 19] . Interestingly, E 2 upregulates transcription of miR-17-92 and its paralog miR-106a-363 clusters in MCF-7 human breast cancer cells, but appears to delay processing of the miR-17-92 gene product into its final miRNAs, including miR-18a and miR-20a [20] , although the mechanism remains to be identified.
There are only a few studies of miRNA in TAM/endocrine-resistant breast cancer cells. Cell-based studies found that miRNA-221/222 are overexpressed in TAM-, fulvestrant-, and tumor necrosis factor (TNF)-resistant derivative of MCF-7 cells [21; 22; 23] . However, no one has examined the effect of TAM on the expression of miRNAs in TAM-sensitive versus resistant breast cancer cells.
To investigate whether antiestrogen-resistance correlates with changes in miRNA expression, we profiled miRNA expression in TAM-sensitive MCF-7 and TAM/endocrineresistant LY2 human breast cancer cells. LY2 cells were derived from MCF-7 by serial passage in the antiestrogen LY 117018, a precursor to Raloxifene (RAL) [24] , and express wild-type ERα mRNA levels similar to MCF-7 cells [25] , but are resistant to TAM, RAL, and Fulvestrant (ICI 182,780) [26] . We hypothesized that differences in miRNA expression with TAM treatment between the TAM-sensitive MCF-7 versus TAM-resistant LY2 cells would identify miRNAs and their mRNA gene targets contributing to antiestrogensensitivity and resistance, respectively. miRNA microarrays were used to identify TAMregulated miRNAs in these two cell lines. We identified 97 miRNAs that were differentially expressed between the two cell lines and focused on 12 miRNAs that showed the greatest difference in expression between the two cell lines. Quantitative real time polymerase chain reaction (Q-PCR) was used to confirm the results obtained by microarray. In addition to miRNAs differentially regulated in the two cell lines, eight endogenous controls, including 6 miRNAs, 5S rRNA, and SNORD38B, were identified from the microarray data and their expression confirmed by Q-PCR.
A search of the Sloan-Kettering Targets and Expression (http://www.microrna.org/microrna/getDownloads.do) dataset was used to identify 36 putative gene targets of these miRNAs from amongst those that were reported to be regulated by 4-OHT in MCF-7 cells [27] . Q-PCR was used to examine the expression of 8 miRNAs. Q-PCR and Western analyses were used to examine the expression of gene/protein
MicroRNA microarray analyses
RNA was isolated from MCF-7 and LY2 cells, treated as above, using the mirVana miRNA Isolation Kit from Ambion (Austin, TX, USA) and sent to Exiqon (http://exiqon.com//) where the RNA samples were labeled with either Hy3 or Hy5 fluorescent labels and hybridized into the miRCURY LNA ™ microarray (miRbase 11.0 human array). This microarray featured 1275 bone fide and putative human miRNAs plus additional controls. Four separate experiments (biological replicates) were performed. Data analysis was performed by Exiqon as follows: clustering of miRNAs was performed using log2 (Hy3/ Hy5) ratios which passed the filtering criteria on variation across sample groups using a two tailed T-test p-value < 0.001. The Hy3 signals were normalized using the single color approach 'Quantile' followed by a background correction. The data were deposited in GEO as GSE28267 http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28267. The subset of miRNAs showing the highest variation among the 1275 miRNAs were used for clustering which provided a subset of 50 miRNAs that showed maximum variation between the two cell lines. The heat map (Figure 1) shows the result of clustering of miRNAs. The miRNA clustering tree is shown on the left and top. Each column represents a treatment and each row an miRNA.
RNA isolation and quantitative Real-Time-PCR (Q-PCR) for miRNA expression
miRNA-enriched total RNA was extracted from MCF-7 and LY2 cells treated as above using the miRNA isolation kit (Exiqon). The quality and quantity of the isolated RNA was analyzed using a NanoDrop spectrophotometer and Agilent Bioanalyzer. cDNA was synthesized using the miRCURY LNA ™ first strand cDNA synthesis kit (Exiqon) and Q-PCR was performed using the miRCURY LNA ™ SYBR Green master mix (Exiqon) using the miRNA primer sets for miR-10a, -21, -22, -125b, -181a, -200a, -221 and -222 (Exiqon). SNORD38B and 5SRNA were used for normalization of miRNA expression. Analysis and fold change was determined using the comparative threshold cycle (Ct) method. The change in miRNA expression was calculated as fold-change, i.e., relative to EtOH-treated (control).
RNA Isolation, RT-PCR and Q-PCR for mRNA expression
RNA was extracted from cells using Trizol (Invitrogen) or RNeasy (Qiagen). The High Capacity cDNA Reverse Transcription kit (PE Applied Biosystems) was used to reverse transcribe total RNA using random hexamers. Q-PCR for BCL2, CYP1B1, ERBB3, ESR1, PDCD4, and 18S using Taqman primers and probes as Assays-on-Demand was performed in the ABI PRISM 7900 SDS 2.1 (PE Applied Biosystems) using relative quantification. Analysis and fold differences were determined using the comparative CT method. Fold change was calculated from the ΔΔCT values with the formula 2 −ΔΔCT and data are relative to EtOH-treated cells.
Whole cell and nuclear lysate preparation for western blotting
Whole cell lysates were prepared and western blots were performed as described [28] . Nuclear extracts (NE) were prepared using the NE-PER kit from Thermo Scientific (Rockford, IL, USA). Antibodies were purchased as follows: ERα (Santa Cruz Biotechnology, Santa Cruz, CA, USA), ERβ (H150, Santa Cruz, CA, USA), Argonaute 2 (Anti-Ago2, clone 9E8.2, #04-642, Millipore, Billerica, MA, USA), Pdcd4 (GeneTex,Irvine, CA ), Bcl-2 (Assay Designs, Plymouth Meeting, PA), E-cadherin (Cell Signaling, Danvers, MA, USA),α-tubulin (Thermo Scientific, Rockford, IL, USA), β-actin (Sigma, St. Louis, MO, USA). The ZEB-1 antibody was generously provided by Dr. Douglas Darling, University of Louisville. Chemiluminescent bands on the PVDF membranes were visualized on a Kodak Carestream Imager using Carestream Molecular Imaging software (New Haven, CT, USA).
Statistical analysis
Data preprocessing was performed on two sets of samples sent to Exiqon at different times (sample set 1 and 2 contained 6 and 14 cell treatments, respectively; different miRNA chips were utilized for the 2 sets of samples) separately before combining them for further analysis. Two-step filtering (1) excluding empty and blank spots and (2) keeping only those spots for which foreground intensities were greater than 1.1 x background intensities for 2 or more samples in the 6-sample group and 10 or more samples in the 14-sample group was done before normalization. For the remaining spots, background intensities were subtracted from the foreground intensities. Since even after the filtering step, some spots had backgrounds larger than foregrounds; we treated those as missing and imputed them using the k-nearest neighbor algorithm. Normalization within-arrays was performed using the loess method [30] , while for between-arrays the quantile method was applied. The two sets of samples were then matched by their miRNA names and combined for further analysis.
In order to identify miRNAs which are expressed by MCF-7 and LY2 cells treated with EtOH and 4-OHT and by MCF-7 cells treated with E 2 , the four technical replicates on each chip and the four arrays (biological replicates) corresponding to each of the five treatment groups (n=20) were averaged. All expression values were represented as log2 ratios of Hy3 (experimental) versus Hy5 (universal reference). Differential expression of miRNAs between different TAM-sensitive and TAM-resistant cell lines treated with either 4-OHT or EtOH were determined by fitting a hierarchical linear model using the limma package [31] and testing the corresponding contrasts of interest, e.g., MCF-7 vs. LY2 treated with 4-OHT, MCF-7 vs. LY2 treated with EtOH, and E 2 vs. 4-OHT treated MCF-7 cells, for each miRNA. Fold change, adjusted t-statistic, unadjusted and false discovery rate (FDR) adjusted p-values were calculated for each miRNA for each comparison. Of the 225 miRNAs that passed the filter for analysis, only those miRNAs with adjusted p-values below 0.10, i.e., FDR of 10%, were considered as differentially expressed.
Gene pathway analysis
Functional and network analyses of differentially expressed miRNAs gene expression changes were performed using Ingenuity Pathways Analysis (IPA) 8.8 (Ingenuity ® Systems, http://www.ingenuity.com). Networks were generated using 12 differentially expressed miRNAs ( Figure 3 ) that were uploaded into IPA. Analysis considered all genes from the dataset that met the 2-fold (p-value < 0.05) change cut-off and that were associated with biological functions in the Ingenuity Pathways Knowledge Base. For all IPA analyses, Fisher's exact test was used to determine the probability that each biological function assigned to the genes within the data set was due to chance alone.
Results and Discussion

Identification of miRNAs differentially expressed in MCF-7 and LY2 cells
To identify miRNAs that might be involved in TAM-resistance, we compared the miRNA transcription profiles between MCF-7 TAM-sensitive and LY2 TAM-resistant cells in response to 4-OHT using ethanol as the vehicle control. The cells were treated for 6 h, a time point selected as that at which maximal primary ERα-gene target transcription occurs [32] . Since serum levels of 4-OHT in breast cancer patients on oral TAM-citrate are 8-18 nM and breast tumors concentrate 4-OHT to 74 nM -1.5 μM [33] , the 100 nM 4-OHT concentration used in our experiments is at the lower range of that found in women on TAM therapy. In addition, MCF-7 cells were treated with 10 nM E 2 , as per previous investigations of miRNA transcriptional responses [11; 12; 19; 20; 34] . Four separate experiments were performed for each treatment group and cell line. (Table 1) . Twenty-nine miRNAs demonstrated increased and 21 miRNAs demonstrated decreased expression in MCF-7 cells when compared to LY2 cells treated with 4-OHT ( Table 2 ). Differentially expressed miRNAs for EtOH-treated MCF-7 versus LY2 are shown in Table 1 , 4-OHT-treated MCF-7 versus LY2 are shown in Table 2 , and E 2 versus 4-OHT-treated MCF-7 are shown in Table 3 . Of the total 225 miRNAs analyzed, 128 miRNAs were not differentially expressed between MCF-7 and LY2 in cells treated with EtOH or 4-OHT (data not shown). One miRNA, miR-423-5p demonstrated higher and miR-181a, demonstrated lower expression in MCF-7 cells treated with E 2 compared to MCF-7 cells treated with 4-OHT ( Table 3 ). Figure 3A and B) . The microarray expression data show that miR-10a, miR-22, miR-29a, miR-125b, miR-181a, and miR-222 were lower in EtOH-treated MCF-7 than in LY2 cells. In contrast, miR-21, miR-93, and miR-200a,b, and c were lower in EtOH-treated LY2 than MCF-7. Of these miRNAs, only miR-21 and miR-181a were E 2 regulated, i.e., inhibited by E 2 , in MCF-7 cells. Of these miRNAs exhibiting opposite expression in MCF-7 and LY2 cells, miR-10a, miR-21, miR-22, miR-125b, miR-181a, miR-200a and miR-222 were selected for Q-PCR validation. In addition, we included miR-221 for analysis because of its reported role in TAM/endocrine resistance [21] , although its expression was not significantly different between MCF-7 and LY2 cells in the microarray. A literature review of the relationship between these miRNAs and breast cancer is summarized in Supplementary Table 1.
Selection of endogenous control genes for Q-PCR normalization and validation of select miRNAs by Q-PCR
Prior to performing Q-PCR to confirm the miRNA microarray data it was necessary to identify endogenous control genes (ECG) for normalization of miRNA transcript expression. First, we compared the expression of U6 (RNU6-1) and U48 (RNU48) RNA genes, traditionally used as controls for miRNA expression [35; 36; 37] , in MCF-7 and LY2 cells after 6 h of 4-OHT or EtOH treatment ( Figure 4A and 4B). U6 expression was increased by 4-OHT in MCF-7 and reduced by 4-OHT in LY2 cells. U48 expression was comparable between the two cell lines and unaffected by 4-OHT.
Eight additional candidate ECG were identified as showing low variation in expression in the miRNA microarray: high signal: miR-16, Let-7f, and 5SrRNA; medium signal: SNORD38D (U38B), Let-7d, and miR-340; low signal: miR-765, miR-744, miR-887, miR-92b. Eight of these ECG were screened for their expression in MCF-7 and LY2 cells after 6 h or vehicle (EtOH) or 100 nM 4-OHT treatment ( Figure 4A and 4B). Two general conclusions can be made from these data: 1) ECG expression differs between the two cell lines; 2) 4-OHT affects ECG expression more in MCF-7 than LY2 cells. Expression of Let-7f was reduced by 4-OHT in both cell lines. miR-744 was reduced by 4-OHT whereas Let-7d and miR-340 were increased by 4-OHT in MCF-7 cells. Overall, the best ECG in MCF-7 and LY2 cells are U48, 5S rRNA, U38B, and miR-765 for high, medium, and low expression miRNAs, respectively. Because of the low expression of miR-765, we selected 5S rRNA, U48, and U38B to normalize miRNA expression in the rest of the studies in this manuscript.
Although Let-7a was reported to be an ECG for miRNA [36] , Let-7a expression was increased by E 2 and reduced by 4-OHT in MCF-7 cells ( Figure 4C ). Let-7 family members are highly conserved in sequence and function across species [38] . Misregulation of Let-7 leads to a less differentiated cellular state and the development of cancer; hence, Let-7 family members are considered as tumor-suppressor miRNAs [39; 40] . We observed that 4-OHT repressed the expression of all eight Let-7 family members in MCF-7 cells and none of the Let-7 family members in LY2, commensurate with a less differentiated cellular state. Let-7b, Let-7c, Let-7g, and Let-7i showed opposite expression between MCF-7 and LY2 cells. Since Let-7a [41] and Let-7g [42] downregulate Myc and high Myc expression results in a negative feedback loop inhibiting Let-7a expression [38] , we examined Myc mRNA in MCF-7 and LY2 cells ( Figure 4D ). Based on the higher Let-7 expression in LY2, we expected lower Myc in LY2 and our data confirmed significantly lower Myc expression in LY2 compared with MCF-7 cells ( Figure 4D ). In agreement with an earlier report [43] , E 2 increased and 4-OHT inhibited Myc transcription in MCF-7 cells ( Figure 4E ). Since transient overexpression of Let-7a, Let-7b, and Let-7i was reported to inhibit ERα expression in MCF-7 cells [44] , we examined ESR1 mRNA and protein levels in MCF-7 and LY2 cells. As expected, ESR1 mRNA and ERα protein were lower in endocrine-resistant LY2 compared to endocrine-sensitive MCF-7 cells ( Figure 4F ). The reduced expression of ERα in LY2 also reflects higher expression of miR-221 and miR-222 that have been reported to suppress ERα expression [45; 46; 47] .
To validate the changes in miRNA expression detected in the miRNA microarrays, Q-PCR was performed on 7 of the 12 miRNAs in Figure 3 : miR-10a, miR-21, miR-22, miR-125b. miR-181a, miR-200a and miR-222 in MCF-7 and LY2 cells treated with EtOH or 100 nM 4-OHT for 6 h, and MCF-7 cells treated with 10 nM E 2 for 6 h ( Figure 5A ). In addition, miR-221 was analyzed because it, along with miR-222, has been reported to be overexpressed and involved in endocrine-resistance in breast cancer cells [21; 34; 48] .
For comparison between the two cell lines, miRNA expression was normalized to the value in EtOH treated MCF-7 cells. There was general agreement in the direction (up-or downregulation) of miRNA expression in MCF-7 and LY2 cells between the Q-PCR and microarray data. The exception is that 4-OHT increased miR-200a in MCF-7 cells in Q-PCR. In agreement with other recent results examining E 2 -regulation of miRNA expression in MCF-7 cells [11; 12; 19; 20] , the miRNA expression changes in response to E 2 or 4-OHT were less than five-fold. E 2 decreased miR-21 expression in MCF-7 cells, as observed in our earlier experiments [19] and as reported by others [12] . 4-OHT increased miR-21 expression in MCF-7 cells. LY2 cells had lower expression of miR-21 and miR-200a, in agreement with the data in the microarray (Figure 3) . A recent analysis of miRNA expression in breast tumors by deep sequencing showed upregulation of miR-21 in ER+ breast tumors relative to normal breast tissue and triple negative breast tumors [49] .
To determine if the effects of E 2 and 4-OHT on miRNA expression were ER-mediated, MCF-7 cells were pretreated with 100 nM ICI 182,780 (ICI, Fulvestrant) for 6 h, a time that reduces ERα protein and activity [50] . For each of the eight miRNAs, ICI increased expression relative to EtOH in MCF-7 cells ( Figure 5B ). These data suggest that unliganded ER may suppress transcription of these miRNAs or that some component regulating miRNA expression or processing is inhibited by unliganded ER. Alternatively, since ICI is an agonist for GPER/GPR30 [51; 52] , it is possible that ICI activates intracellular signaling pathways, e.g., MAPK, that increase miRNA expression. For example, MAPK increases miRNA expression by phosphorylating TRBP, a component of the Dicer complex that processes pre-miRNA into mature miRNA [53] . Testing GPER/GPR30 is beyond the scope of the current study. ICI ablated the inhibition of miR-10a, miR-21, miR-22, miR-200a, miR-221, and miR-222 by E 2 in MCF-7 cells. These data indicate that E 2 -occupied ER suppresses the transcription of these miRNAs. The combination of ICI and 4-OHT did not further increase miRNA expression in MCF-7 cells with the exception of miR-10a, a result seen in both MCF-7 and LY2. While the mechanism involved for the increase in miR-10a appears to be, at least in part, ER-mediated, future studies are needed to address this mechanism in greater detail. There is only one report about miR-10a regulation [54] . That report found that miR-10a expression increased as mouse embryonic stem cells differentiated into smooth muscle cells [54] . Others reported that miR-10a associates with the 5′ UTR of mRNAs encoding ribosomal proteins, enhances their translation, increases global protein synthesis, and thus contribute to oncogenesis [55] . For miR-21, miR-125b, and miR-181a, 4-OHT inhibited the stimulation over basal expression detected with ICI treatment in MCF-7 cells.
For LY2 cells, ICI had no significant effect on basal miRNA expression ( Figure 5C ). These data indicate that, unlike MCF-7 cells, the regulation of miRNA expression in LY2 cells is independent of ER. These data are in agreement with the estrogen-independent, endocrineresistant phenotype of LY2 cells [24; 56] . As discussed above, ICI and 4-OHT synergistically increased miR-10a transcription. ICI reduced 4-OHT-stimulated miR-125b and miR-222 expression ( Figure 5C ), a result implicating ER involvement in 4-OHTregulating the expression of these miRNAs, a result commensurate with higher miR-125b in ERα/PR-positive than ERα/PR-negative breast tumors [57] . The apparent synergy of ICI and 4-OHT in upregulating miR-10a transcription may be mediated by GPR30/GPER, for which both ICI and 4-OHT are agonists [58] . However, others have reported that an ERα variant called ERα36, and not GPR30, mediates non-genomic ER signaling, including ICI agonist activity [59] . ERα36 arises from a promoter in the first exon of ERα, but lacks both the Nand C terminal transcription activation domains, AF-1 and AF-2, respectively, of full-length wild type ERα66 [60; 61] . Further studies would be required to examine ERα36 expression in LY2 cells. However, ERα36 was not detected using an antibody that recognizes epitopes conserved in ERα66 and ERα36 [61; 62] (Supplementary Fig 1) .
Time course of miRNA expression in MCF-7 cells
Time-dependent changes in the expression of 8 miRNAs were detected after 1, 4, 6, and 8 h treatment with EtOH, E 2 , or 4-OHT ( Figure 6 ). E 2 repressed the expression of miR-22, miR-125b, miR-181a, miR-200a (except at the 6 h time point), and miR-221 (except at the 6 h time point) relative to EtOH. 4-OHT increased expression of miR-21a, miR-22, miR-181a, and miR-200a relative to EtOH at the 6 h time point. 4-OHT inhibited miR-221 expression, although the difference was not statistically significant at the 6 h time point. To our knowledge, there are only two reports examining the effect of E 2 on miRNA at various times (0, 1, 3, 4, 6, and 12 h) of treatment in MCF-7 cells [11; 20] . The time-course of miR-21 expression does not agree with a previous report showing E 2 increased miR-21 over time [11] . This difference is likely the result of differences in the MCF-7 cells used since Bhat-Nakshatri et al. used MCF-7 cells stably transformed with a bicistronic vector control [11] whereas we used MCF-7 cells at passages less than 9 from ATCC.
Time course of E 2 and 4-OHT regulation of ERα, ERβ, and Argonaute-2 (Ago2)
To determine if changes in miRNA expression with time reflect changes in ERα, ERβ, or Ago 2 expression, MCF-7 cells were treated with EtOH, E 2 , or 4-OHT for 1, 4, 6, or 8 h prior to western blot for ERα, ERβ, and Ago2 protein expression ( Figure 7A ). These data show that ERα was increased after 4 h of treatment with EtOH and remained increased through the 8 h time course in MCF-7 cells. Consistent with previous investigations [63] , E 2 reduced ERα and 4-OHT stablized ERα in MCF-7 cells. ERβ was increased with EtOH, E2, and 4-OHT treatment for 1 h, but at 4 h, E 2 and 4-OHT reudced ERβ. At 6 h, only 4-OHT reduced ERβ. At 8 h, ERβ was increased and this increase was inhibited by E 2 and 4-OHT. Ago2 was unaffected by EtOH until 8 h when there was an increase in Ago2. Ago2 was decreased by E 2 and 4-OHT with time and the increase in Ago2 with EtOH at 8 h was further increased by 4-OHT. This is the first examination of the effect of E 2 or 4-OHT on Ago2 expression. The changes in miR-21 expression with time and treatment correspond to the expression of ERα protein and at some time points/treatments appear to inversely correspond to ERβ protein expression ( Figure 7B ). These data confirm the role of ERα and ligand in regulating miR-21 expression.
Computational identification of miRNA target mRNA genes in 4-OHT-treated MCF-7 cells
mRNA targets of the 12 miRNAs that were differentially expressed between MCF-7 and LY2 cells ( Figure 2 ) were identified in silico using target identification software:, Target Scan 5.1 (http://www.targetscan.org/), PicTar (http://pictar.mdc-berlin.de/), miRanda (http://www.microrna.org/microrna/getGeneForm.do), and miR Base Release 15 (http://www.mirbase.org/). This data was integrated with mRNA targets regulated by 4-OHT after 4, 8, 24 and 48 h treatment of MCF-7 cells [27] . The gene symbols were transcribed from [27] and were searched against the miRanda predicted Human Target Site Predictions data contained in the file named human_predictions_aug2008.txt, downloaded from http://www.microrna.org/microrna/home.do. It was necessary to update several of the HUGO gene symbols presented in [27] in order to be consistent with the current HUGO identifiers for these transcripts in the human predictions dataset. Examples include updating C1 orf 24 to FAM129A, and RENT1 to UPF1. All genes listed in [27] were found the predicted target of at least one miRNA in the human_predictions_aug2008.txt dataset with the exception of SNCG, SLC16A5, RAP140, LOC441453, ELF3, LSS, CLIC3, EHD4,SERPINA1, EGFL5, SRD5A1, and KRT13. This analysis identified 36 genes that were regulated by 4-OHT in MCF-7 cells and which are putative targets of the 12 miRNAs identified in miRNA microarray analyses (Figure 8, Supplementary Table 2 ). Supplementary Table 2 also lists the putative miRNA target mRNA genes, their mRNA expression in 4-OHT treated cells at 8 and 48 h from [64] , and whether these data agree with the data on miRNA expression in response to 4-OHT ( Figure 5 ). In general, the predicated gene targets agree with the direction of miRNA expression in 4-OHT treated MCF-7 cells. In order to identify gene networks involving 12 miRNAs that were differentially expressed in LY2 and MCF-7 cells (Figure 3 ), Ingenuity Pathway Analysis (IPA) was performed. Networks created by IPA are groups of proteins that interact directly or indirectly with genes or proteins in a dataset. As expected, IPA identified cancer as the top category followed by reproductive system disease and cellular development as significantly associated with the miRNAs in the data set (Supplementary Figure 3) . Core analysis using IPA generated 2 networks containing the 12 differentially expressed miRNAs and key proteins involved in breast cancer (Supplementary Figure 4A and 4B) . Network 1 and 2 shows 35 and 9 molecules respectively (Supplementary Figures 4A and 4B) . The identity and cellular location of these molecules are provided in Supplementary Table 3 cluster is associated with breast tumor progression through upregulation of phospholipase C gamma 1 (PLCG1) which, in turn, regulates cell mobility, proliferation, and viability [65] . APC, MYC, CYRB, CASP3, CSF1, UNCX, NPTX1, miR-10a, miR-22, miR-29a, miR-93, miR-200a, miR-205 and miR-222 are the genes associated with breast cancer in this network. Network 2 centers on estrogen receptor in breast cancer and supports our observation that the expression of miR-21 in MCF-7 cells is regulated by ER ( Figure 4B ).
PDCD4, BCL2, CYP1B1, and ERBB3 are differentially expressed in MCF-7 and LY2 cells
Among the 36 putative gene targets in Supplemental Table 2 , we focused first on the PDCD4 tumor suppressor because we had previously identified PDCD4 tumor suppressor as a bone fide mRNA target downregulated by miR-21 in MCF-7 cells [19] . Since miR-21 expression was significantly lower in LY2 than MCF-7 cells, we anticipated that PDCD4 mRNA and protein expression would be higher in LY2 than in MCF-7 cells. However, PDCD4 mRNA was undetectable in EtOH-treated LY2 cells. With 4-OHT treatment, PDCD4 mRNA was detected at low levels in LY2 cells ( Figure 9A ). Neither E 2 nor 4-OHT affected GADPH expression and GADPH CT values were similar in MCF-7 and LY2 cells, indicating that the quality of the RNA was not an issue in the lack of PDCD4 expression in control (EtOH)-treated LY2 cells ( Supplemental Fig 2) . 4-OHT reduced PDCD4 mRNA in MCF-7 cells ( Figure 8A and 8B) , consistent with the increase in miR-21 induced by 4-OHT. As reported previously, E 2 increased PDCD4 mRNA ( Figure 9A and 9B) . We did not detect Pdcd4 protein expression in LY2, although Pdcd4 was expressed in MCF-7 ( Figure 8C ).
The anti-apoptotic, pro-survival BCL2 is also a target of miR-21 [19] . Again, since miR-21 expression was lower in LY2, we expected higher BCL2 expression in LY2 than MCF-7 cells. However, we did not detect BCL2 mRNA in LY2 cells, whether EtOH or 4-OHT treated (data not shown). As expected based on our previous data and the work of others [19; 66] , E 2 increased BCL2 mRNA in MCF-7 cells. 4-OHT had no significant effect on BCL2 mRNA expression in MCF-7 cells. We did not detect Bcl-2 protein expression in LY2, although Bcl-2 was expressed in MCF-7 cells ( Figure 9C ). Others reported that 1 μM 4-OHT suppressed Bcl-2 expression in MCF-7 cells after 7 d of treatment [67] .
CYP1B1 is a cytochrome P450 enzyme implicated in the metabolism of exogenous and endogenous substrates, including E 2 , and CYP1B1 polymorphisms are associated with breast cancer risk [68] . CYP1B1 was stimulated by 8 h treatment with 1 μM 4-OHT in MCF-7 cells [64] and is a putative target of regulation by miR-200 family members that are reduced in LY2 compared to MCF-7 cells. Because 4-OHT increased miR-200a expression, we examined CYP1B1 expression after 6 h treatment with 4-OHT or EtOH in MCF-7 and LY2 cells. CYP1B1 mRNA expression was very low (CT ~ 39) in LY2 cells and 4-OHT did not affect CYP1B1 expression ( Figure 10A ). These results are in contrast to a previous report showing 2-6-fold higher CYP1B1 in TAM-and fulvestrant-resistant cell lines derived from of MCF-7 cells [69] . The reason for this difference in CYP1B1 expression may be cell lineor cell culture-condition mediated. As another possible difference, we noticed that the endocrine resistant cell lines used in the previous report were supplemented with insulin [69] , whereas we do not supplement our cell culture media with insulin. Although studies in diabetic rats indicate that insulin represses hepatic CYP1B1 [70] , the regulation of CYP1B1 by insulin in breast cancer cells has not, to our knowledge, been examined. CYP1B1 mRNA expression was higher in MCF-7 than LY2 cells, but was not significantly regulated by E 2 or 4-OHT with 6 h treatment in MCF-7 cells. These data reflect previous findings regarding detection of CYP1B1 expression in MCF-7 cells [71] . We did not detect an increase in CYP1B1 with 6 h of treatment, as reported for 12 h of E 2 treatment in MCF-7 cells [72] . The reduction of miR-200b and miR-200c detected with 4-OHT treatment in MCF-7 cells in microarray ( Figure 3 ) would be expected to increase targets of these miRNAs, including CYP1B1. Indeed, CYP1B1 mRNA was increased in the microarray study with 8 h of 1 μM 4-OHT treatment (Supplementary Table 2 ) [64] ; but after 6 h of treatment, no reduction in CYP1B1 was detected.
ERBB3 is an oncogene that is a member of the epidermal growth factor receptor (EGFR) family of transmembrane tyrosine kinases that is bound by heregulin and is involved in the pathogenesis and progression of breast cancer [73] . ERBB3 is frequently over-expressed in breast cancer and increased in TAM resistance [73; 74] . ERBB3 is a putative target of miR-22, miR-125b, miR-221, miR-222, miR-93 according to our bioinformatic analyses and is a bone fide target of miR-125b [75] . Increased expression of these miRNAs in LY2 cells would be expected to reduce the expression of ERBB3 in LY2 cells. In agreement with this idea, we did not detect ERBB3 mRNA in LY2 cells, even when treated with 4-OHT ( Figure  10B and data not shown). We did not detect regulation of ERBB3 mRNA by E 2 or 4-OHT with 6 h treatment in MCF-7 cells. Others reported that ERBB3 mRNA was inhibited by 48 h treatment of MCF-7 cells with 1 nM E 2 and this inhibition blocked by 1 μM TAM in MCF-7 cells [76] . The difference in time of treatment is likely responsible for differences in ERBB3 regulation.
ESR1 and ERα protein expression is lower in LY2 than MCF-7 cells
MiR-221 and miR-222 expression was higher in LY2 compared to MCF-7 cells. miR-221 and miR-222 are overexpressed in ERα-negative and TAM-resistant breast cancer cell lines [21; 47] . Knockdown of miR-221 and miR-222 in MDA-MB-468 breast cancer cells partially restored ERα expression and TAM-sensitivity [47] . ESR1 mRNA expression is lower in LY2 than MCF-7 cells ( Figure 10C ). Western confirmed lower ERα protein expression in LY2 cells when compared to MCF-7 cells ( Figure 4F ). These data agree with reports that miR-221/222 is overexpressed in TAM-resistant breast cancer cell lines and suppresses ERα expression.
miR-200-regulated ZEB1 is reduced in LY2 cells
miR-200 family members suppress expression of the transcription factor ZEB1 that initiates epithelial to mesenchymal transition (EMT) by repressing transcription of E-cadherin and other genes regulating cell polarity [77; 78; 79; 80; 81; 82; 83] . Because all three miR-200 family members were expressed at significantly lower levels in LY2 than MCF-7 cells, we examined ZEB1 as a miR-200 target in MCF-7, LCC1, LCC2, LCC9, LY2, and MDA-MB-231 breast cancer cells by western blot (Figure 11A ). LCC1 are estrogen-independent derivatives of MCF-7 cells and LCC2 and LCC9 are also endocrine-resistant derivatives of MCF-7 cells ( do we have to mention this again.it is already explained in M&M) [29] . MDA-MB-231 serve as a positive control since ZEB1 expression is higher in MDA-MB-231, but not in MCF-7 [84] . As expected, ZEB1 was not expressed in MCF-7, but was expressed in MDA-MB-231 ( Figure 11A ). LY2 cells express ZEB1, indicating that this cell line has undergone EMT. However, LCC1, LCC2, and LCC9 cells do not express ZEB1, indicating that these estrogen-independent (LCC1) and tamoxifen/endocrine-resistant (LCC2 and LCC9) cell lines have not undergone EMT. Because E-cadherin is inversely correlated with ZEB1 expression and inversely correlated with miR-200c [79] , we examined Ecadherin in MCF-7, LY2, and MDA-MB-231 cells ( Figure 11B ). E-cadherin was not expressed in LY2 or MDA-MB-231 cells, indicating that LY2 cells have undergone EMT. This is, to our knowledge, the first demonstration of EMT in the LY2 endocrine-resistant breast cancer cell line.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The expression of RNU6-1 (U6) and RNU48 (U48) RNA genes, traditionally used as controls for miRNA expression and eight candidate endogenous control genes (ECG) identified by miRNA microarray: high signal: miR-16, Let-7f, and 5SrRNA; medium signal: SNORD38D (U38B), Let-7d, and miR-340; low signal: miR-765 and miR-744 were examined in MCF-7 (A) and LY2 (B) cells treated for 6 h with EtOH (vehicle control) or 100 nM 4-OHT. C) The expression of the Let-7 family members was determined Exiqon Microarray analysis of miRNAs in EtOH, E 2 Target prediction software was used to identify mRNA targets of the miRNAs. Predicted genes were overlapped with microarray data of 4-OHT regulated genes by [64] . This identified 36 gene targets as indicated. Whole cell lysates or nuclear extracts were prepared from the indicated breast cancer cell lines. Identical amounts (30 μg) of protein were immunoblotted for ZEB1 and E-cadherin as described in Materials and Methods. The membranes were stripped and reprobed for β-actin. These blots are representative of three separate experiments. 
